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THE  INFLUENCE  OF  PROMOTERS  IK  CATALYTIC  COMBUSTION. 

Introduction. 

One  of  the  major  problems  occupying  the  attention  of  the  chemist  today- 
is  the  problem  of  catalysis.  The  theoretical  chemist  and  industrial  chemist  are 
alike  interested.  The  physical  chemist  is  interested  in  developing  a  true  and 
comprehensive  theory  of  catalysis  both  for  the  intrinsic  interest  of  the  prob- 
lem and  for  the  light  which  its  development  will  shed  on  the  mechanism  of  chem- 
ical reaction  in  general.  The  industrial  chemist  is  interested  because  a  clear 
understanding  of  the  laws  underlying  catalytic  phenomena  must  lead  to  an  enor- 
mous increase  in  the  scope  of  the  application  to  industrial  manufacturing  of 
processes  essentially  catalytic  in  character,  processes  already  of  great  and 
ever  increasing  importance. 

In  investigating  catalytic  materials  and  catalytic  phenomena  in  general 
minute  quantities  of  foreign  material  mixed  with  the  catalyst  have  been  found  to 
have  an  effect  of  enhancing  the  activating  power  of  the  catalyst  far  out  of  pro- 
portion to  the  amount  of  impurity  present  or  to  its  individual  catalytic  activ- 
ity in  the  reaction  in  question.  This  method  of  increasing  the  activity  of  cat- 
alysts has  already  received  extensive  technical  application  in  the  Haber  process 
for  synthetic  ammonia,  the  Ostwald  process  for  the  oxidation  of  ammonia  using 
non-platinum  catalysts,  the  contact  process  for  sulfuric  acid  manufacture,  the 
manufacture  of  hydrogen  from  water  gas,  and  in  other  processes.  The  nature  of 
promoter  action  is  at  present  unknown;  several  hypotheses  have  been  advanced 
to  account  for  promoter  action  in  certain  specific  cases  but  a  comprehensive 
theory  has  not  as  yet  been  proposed.  There  is  thus  presented  one  of  the  most 
interesting  problems  in  the  field  of  catalytic  chemistry,  the  solution  of  which 
will  go  far  to  clear  up  the  nature  of  catalytic  action  in  general,  just  as  the 
elucidation  of  the  latter  will  supply  a  valuable  point  of  attack  upon  the  mech- 
anism of  all  chemical  reaction.  It  has  been  attempted  in  this  investigation  to 
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study  the  nature  of  promoter  action  as  exhibited  in  the  selective  combustion  of 
carbon  monoxide  in  hydrogen. 

Historical  and  Theoretical . 

The  work  done  up  to  the  present  time  in  investigating  the  nature  of  pro- 
moter action  as  exhibited  in  the  selective  combustion  of  carbon  monoxide  in  hyd- 
rogen, is  very  meagre.  The  study  of  the  CO — CO^  conversion  was  undertaken  during 
the  late  war  by  the  Munitions  and  Inventions  Department  in  England  and  later  con- 
tinued by  Dr.  Lamb  and  his  staff  at  Washington.  In  both  instances  the  problem 
was  approached  on  the  assumption  that  the  oxidation  of  carbon  monoxide  in  a  hyd- 
rogen-CO-oxygen  mixture  takes  place  indirectly,  that  is,  that  hydrogen  is  first 
oxidized  to  water  at  the  surface  of  the  catalyst  whence  the  reaction  proceeds  in 
accordance  with  the  well-known  water  gas  equilibrium: 

CO  ♦  H20*C02+  K 

Hahn  (Zeit.f  .Phys.Chem. ,  44,515  and  43,  755)  subjected  tlae  water  gas  eq- 
uilibrium to  careful  study  at  temperatures  between  636°C.  and  14C0°C.  He  found 
|j    that  tlae  Mass  Action  Law  holds  up  to  1 100  degrees  and  detrained  the  following 
values  for  the  equilibrium  constant,  K,  in  the  expression: 

K  *(C0)  (H20) 
(C02)(H2) 

Temp.  °C.  K  (Obs)  K  (Calc) 

636  0.554  0.505 

786  0.840  0.790 

SS6  1.197  1.155 

986  1.571  1.520 

1005  1.65  1.597 

1036  1.96  1.953 

1205  2.126  2.457 

1^05  2.49  5.52c 

Tlae  calculated  values  for  K  are  obtained  by  Luggin's  formula: 

Log  K =- -2232  -  0.084651  log  T  -  .0002205  T  ♦  const.  (  2.508) 
T 


v 


If  this  formula  be  solved  for  a  temperature  of  ^>00°  (217°C)  K  is  found  to  have 

the  value  0.C2C0.  Consider  nov/,  a  gas  mixture  with  the  composition:     CO  -  2%, 

EL-  and  H  C-  k%  {2$  BL*  2%  05).  In  the  equilibrium  equation  if  x  represents 

2  2  * 

the  concentration  of  carbon  dioxide  at  equilibrium  the  equation  becomes: 

K  =  (2-x)(2»x)  -=..2       whence  x*1.2.      The  interpretation  of  this  result 
(94«0(x)" 

leads  to  the  conclusion  that  if  the  carbon  monoxide-carbon  dioxide  conversion 
takes  place  according  to  the  water  gas  reaction,  the  conversion  of  2%  CO  to  1 ,2% 
CO2  plus  .&%  CO  can  take  place  only  with  the  simultaneous  formation  of  h%  water. 
It  follows  that  since  the  equilibrium  constant  increases  in  fevor  of  the  great- 
er production  of  CO  end  water  at  higher  temperatures  and  since  the  catalytic  ox- 
idation of  carbon  monoxide  does  not  take  place  at  temperatures  far  below  200°C 
that  it  should  be  impossible  to  effect  a  total  conversion  of  carbon  monoxide  to 
dioxide  in  the  presence  of  hydrogen  without  a  correspondingly  large  production 
of  water.  Rideal  (Jour.Chem.  Soc.  1.1^,993)  however  has  been  able  to  effect  a 
total  conversion  of  CO  to  C0£  in  the  presence  of  hydrogen  with  a  simultaneous 
formation  of  water  far  below  that  demanded  by  the  water-gas  equilibrium.  The 
conclusion  is  that  the  forms tion  of  carbon  dioxide  and  water  is  the  result  of 
two  independent  reactions:     CO  ♦  1/2  0  ^-CO    and  YL    ♦  1/20,^^0 
Rideal  by  determining  the  ratio  of  carbon  monoxide  to  hydrogen  burnt  at  differ- 
ent temperatures  and  with  various  catalysts  has  also  shown  that  the  relative 
rates  of  oxidation  of  carbon  monoxide  and  hydrogen  vary  with  the  temperature 
and  the  catalytic  material  employed,  that  is,  that  various  catalysts  possess 
widely  variant  selective  properties  in  promoting  one  or  the  other  of  the  react- 
ions, CO — CO^  and  H2 — H^O.  This  selective  action  was  found  to  reach  a  maximum 
at  low  temperatures  and  to  disappear  entirely  above  400°.  Between  275  4-00°. 
the  ratio  of  gases  burned  is  determined  -  disregarding  the  selective  action  of 
the  catalyst-  by  the  value  of  the  relative  rates  of  desorption  of  the  products 
of  combustion, i.e.  carbon  dioxide  and"water,  from  the  surface  of  the  catalyst. 
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At  temperatures  above  4CC  C  the  ratio  is  determined  merely  by  the  ratio  of  part- 
ial pressures  and  follows  the  Lav/  of  Mass  Action  up  to  1100°,  as  Hahn  has  shown, 
above  which  temperature  the  effect  of  dissociation  becomes  pronounced.  Below 
275°C  carbon  monoxide  is  preferentially  adsorbed  by  certain  catalysts,  e.g.  iron 
oxide  and  copper  oxide,  while  the  hydride  forming  catalysts  such  as  palladium, 
platinum,  and  nickel,  promote  the  oxidation  of  hydrogen  even  at  low  temperatures. 

The  study  of  the  selective  combustion  of  carbon  monoxide  in  hydrogen  has 
obviously  served  to  bring  out  the  specificity  of  action  of  various  catalysts  in 
a  remarkable  manner  and  it  appeared  probable  that  by  carrying  these  investigat- 
ions further  through  a  study  of  the  influence  of  small  quantities  of  promoters 
on  the  unpromoted  catalysts  already  studied,  some  light  might  be  thrown  on  the 
nature  of  promoter  action  in  general. 

Experimental . 

Apparatus;  The  apparatus  employed  consists  essentially  of  a  graduated  gasometer, 
purifying  and  drying  train,  catalyst  furnace,  and  duplicate  absorptive  trains. 
The  gasometer  was  constructed  of  two  gas  bottles  in  the  usual  manner  with  connec- 
tions for  convenient  filling  and  discharging  at  any  desired  rate.  The  purifying 
train  consisted  of  two  KOH  bulbs  in  series  and  a  drying  tube  charged  with  CaCl^ 
and  phosphorous  pentoxide.  The  KOII  bulbs  serve  the  double  purpose  of  removing  any 
traces  of  carbon  dioxide  remaining  in  the  gas  mixture  after  the  previous  purific- 
ation and  of  indicating  the  approximate  flow  rate  of  the  gas  being  sent  through 
the  furnace.  It  was  later  found  necessary  to  introduce  a  water-filled  bulb  bet- 
ween the  drying  tube  and  the  catalyst  furnace  to  furnish  the  trace  of  moisture 
found  to  be  required  for  securing  positive  results  with  certain  of  the  catalysts 
at  low  temperatures. 

The  catalyst  furnace  was  of  the  type  employed  by  Rideal  (Catalysis  in  Th- 
eory and  Practice)  consisting  of  two  concentric  vertically  fixed  pyrex  glass 
tubes,  the  outer  wound  with  nichrome  resistance  wire,  the  inner  containing  the 


catalytic  material.  The  gas  enters  at  the  base  of  the  outer  tube  and  is  heated 
as  it  passes  up  the  annular  space  between  the  tube  walls.  It  then  passes  down 
through  the  mass  of  catalytic  material  in  which  the  thermometer  is  embedded  and 
out  through  the  absorptive  train.  The  latter  consists  of  a  drying  tube  charged 
frith  phosphorous  pentoxide  and  a  KOII  bulb  filled  with  the  usual  k&flt  caustic  sol- 
ution. A  very  slight  vacuum  was  applied  at  the  termination  of  the  absoptive  tr- 
ain to  equalize  the  pressure  throughout  the  system  and  prevent  diffusion  of  the 
gases  through  the  rubber  connections. 

Preparation  of  Gases:      The  hydrogen  was  obtained  variously  from  an  electrolytic 
generator,  ordinary  Kipp  generator,  and  cylinders,  and  was  thoroughly  purified 
in  every  case  to  remove  traces  of  hydrogen  sulfide  and  other  impurities.  Oxygen 
was  obtained  from  cylinders  or  when  this  source  was  not  available  by  heating  a 
mixture  of  potassium  chlorate  and  manganese  dioxide;  careful  purification  was 
also  carried  out  in  this  case.  The  carbon  monoxide  was  prepared  by  treating  ox- 
alic acid  with  concentrated  sulfuric  acid  and  removing  the  carbon  dioxide  form- 
ed by  absorption  with  concentrated  caustic  solution.     It  was  prepared  in  quant- 
ity and  stored  in  gas  bottles  over  caustic  solution  until  used. 

Preparation  of  Catalyst; 

The  copper  catalyst  was  prepared  by  precipitating  the  hydroxide  from  a 
solution  of  the  nitrate,  boiling  to  obtain  the  black  oxide,  filtering  and  wash- 
ing. The  dry  oxide  was  placed  in  clean,  stoppered  vials  and  reduced  in  the  fur- 
nace just  pryor  to  use.  In  the  preparation  of  the  palladium  promoted  catalyst 
the  palladium  was  added  to  the  copper  nitrate  solution  in  the  form  of  a  measured 
volume  of  the  solution,  of  the  nitrate  of  known  concentration  prior  to  precipita- 
tion of  the  hydroxide.  The  copper  and  palladium  hydroxides  are  thus  precipitated 
simultaneously  and  a  uniform  molecular  distribution  of  palladium  obtained.  The 
quantity  of  sodium  hydroxide  used  in  precipitating  this  solution  must  be  calcul- 
ated since  the  basic  salts  of  palladium  are  soluble  in  excess  alkali.  Just  prior 


to  a  scries  of  determinations  a  small  quantity  of  the  dry  oxide,  which  when  plac 
ed  in  the  stock  bottle  is  in  the  form  of  thin  cakes  as  removed  from  the  filter, 
is  broken  into  course  grains  approximately  .1  cm.  in  diameter,  placed  in  the  in- 
ner tube  of  the  catalyst  furnace,  and  subjected  to  the  alternate  reducing  and  ox 
izing  action  of  hydrogen  and  oxygen  (air)  at  progressively  decreasing  temperat- 
ures. The  hydrogen  and  air  used  for  this  purpose  were  of  course  carefully  puri- 
fied before  passed  over  the  catalyst.  The  formation  of  water  at  120°C  7/as  taken 
as  an  indication  that  the  catalyst  was  sufficiently  active  for  use. 

Determination  of  the  COiI^  Ratio-General  Considerations: 

As  Rideal  has  found  in  his  work  on  the  selective  combustion  of  carbon  mon 
oxide  in  hydrogen,  it  is  impossible  to  obtain  accurate  or  significant  results 
in  terms  of  absolute  quantities  of  carbon  monoxide  and  hydrogen  oxidized  due  to 
appreciable  fluctuations  in  the  activity  of  the  catalyst  during  even  short  ser- 
ies of  runs;  the  ratio  of  the  rates  of  combustion  of  the  CO  and  hydrogen  may  how 
ever  be  expected  to  remain  fairly  constant  under  given  conditions  of  temperature, 
gas  composition  etc.  and  have  in  fact  been  shown  to  be  capable  of  quite  accurate 
determination. 

Approximately  hec  of  catalyst  was  used  in  each  determination  and  a  gas 
mixture  of  the  composition:  hydrogen  80&  carbon  monoxide  \0$,  and  oxygen  10#, 
employed  throughout.  Approximately  5C0  cc.  of  gas  were  passed  over  the  catalyst 
for  each  determination,  the  rate  of  passage  being  varied  to  give  an  approximate- 
ly equivalent  conversion  of  the  consituents  at  all  temperatures,  that  is,  to 
maintain  the  oxygen  concentration  constant  and  thus  eliminate  the  variable  which 
might  otherwise  enter.  It  is  important  to  note  that  the  gas  must  be  passed  at 
such  a  rate  as  to  preclude  the  formation  of  a  "dead"  layer  of  reactants  on  the 
surface  of  the  catalyst;  in  the  presence  of  such  a  layer  the  reaction  of  fresh 
constituents  takes  place  only  after  their  diffusion  through  this  layer  to  the 
catalyst  surface,  whence  their  relative  rates  of  reaction  become  dependent  on 
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their  diffusion  rates  rather  than  their  selective  adsorption  on  the  surface  of 
the  catalyst. 

In  selecting  a  catalyst-promoter  system  it  appeared  desirable  to  select 
as  a  foundation  catalyst  a  material  which  should  preferentially  adsorb  carbon 
monoxide  at  low  temperatures  and  as  a  promoter  a  material  with  a  strongly  mark- 
ed specific  catalytic    action  opposite  in  effect  to  that  of  the  foundation  cat- 
alyst. By  such  a  choice  the  exact  action  of  the  promoter-  whether  additive  or 
peculiar-becomes  clearly  differentiated  and  consequently  easily  studied.  The  re- 
quirements of  such  a  system  are  admirably  met  by  employing  copper  as  foundation 
catalyst  and  palladium  as  promoter.  Copper  exhibits  a  marked  preferential  adsorp- 
tive  action  action  on  carbon  monoxide  (at  low  temperatures)  while  palladium  is 
the  most  active  of  the  hydride  forming  group  in  activating  the  combination  of 
hydrogen  and  oxygen. 

Five  series  of  determinations  at  temperature  intervals  of  approximately 
20°  between  26c°  and  \60°  were  made  with  each  of  three  catalysts,  pure  copper, 
(2)  copper  promoted  by  1  ,C$  palladium,  and  (?)  copper  promoted  by  . \%  Pd. 

Results  with  Pure  Copper  Catalyses 

The  results  obtained  with  pure  copper  catalyst  served  to  verify  the  form 
of  curve  previously  obtained  by  Rideal( Jour.Chem.  Soc.  115,  995).  Plotting  the 
ratio  CO:H    burned  as  ordinstes  against  the  corresponding  temperatures  as  absc- 
issae a  practically  linear  curve  was  obtained  between  the  ratio  9:1  at  160°  and 
1s2  at  260  C.  Great  difficulty  was  encountered  in  securing  reliable  results  at 
temperatures  below  2CC  .  The  action  of  the  catalyst  below  this  temperature  was 
very  erratic  and  often  nil.  In  several  instances  after  giving  a  considerable  yie- 
ld of  carbon  dioxide  and  water  for  one  or  two  determinations  it  suddenly  lost 
its  activity  entirely  as  if  attacked  by  an  energetic  poison.  It  was  later  found 
that  the  introduction  of  a  trace,  of  water  vapor  often  served  to  increase  and  pro- 
long the  activity  of  the  Cfft'alyei  mass.  A  KOH  bulb  filled  with  water  was  accord- 
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ingly  introduced  into  the  purifying  train  between  the  drying  tube  and  the  furn- 
ace and  weighed  before  and  after  each  determination.  The  loss  in  weight,  repre- 
senting the  weight  of  water  vapor  carried  into  the  furnace  was  subtracted  from 
the  weight  of  water  absorbed  on  the  opposite  ride  of  the  furnace. 

Copper  promoted  by  1 ,C%  Palladium: 

The  determination  of  the  ratio  values  with  this  catalyst  was  attended  by 

little  of  the  difficulty  encountered  with  the  use  of  pure  copper.  The  results 

obtained  in  practically  every  run  were  positive,  while  a  considerably  greater 

fractional  conversion  of  both  constituents  (CO  and  H  )  was  obtained  in  each  case 

2 

for  a  given  temperature  and  flow  rate.  The  promoted  copper  appeared  to  be  much 
more  consistent  as  well  as  energetic  in  its  action  and  to  possess  a  greater  dur- 
ability than  the  unpromoted  catalyst.  The  curvebtained  by  plotting  ratios  again- 
st temperatures  as  before  exhibits  a  well  defined  maximal  at  175°C.  The  ratio  of 
carbon  monoxide  to  hydrogen  burned  at  each  temperature  interval  from  26"C°  to 
175    was  greater  than  that  given  for  the' corresponding  temperature  by  the  unprom- 
oted copper,  indicating  as  will  be  later  pointed  out  that  the  action  of  the  pal- 
ladium is  not  additive,  while  below  175°  the  ratio  was  found  to  fall  off  sharply. 
In  the  small  temperature  interval  between  1 75°  and  l6c°  the  ratio  C0:H2  burned 
falls  from  12s 1  to  5.5:1.  The  reasons  for  this  abrupt  break  in  the  curve  will  be 
considered  in  the  discussion  of  results. 

Copper  Promoted  by  A%  Palladium: 

The  results  obtained  with  the  use  of  copper  catalyst  promoted  by  one- 
tenth  percent  palladium  were  unexpected  and  of  considerable  interest.  This  cat- 
alyst was  found  to  produce  a  greater  relative  conversion  of  carbon  monoxide  than 
either  the  pure  copper  or  one  percent  palladium,  "alloy"  previously  tested;  the 
ratio  of  carboxi  monoxide  to  hydrogen  burned  appreciably  exceeded  that  for  either 
of  the  other  catalysts  at  every  temperature  interval  over  the  entire  range  betw- 
een 175°  and  26*0°  and  exceeded  that  for  the  one  percent  alloy  over  the  entire 


range  investigated.    A  maximum  converr ion  ratio  of  15«5:^  v/as  obtained  at  175° 
a3  against  12:1  for  the  copper  promoted  by  one  percent  palladium.  A  larger  num- 
ber of  non-checks  v/as  obtained  than  in  the  series  of  determinations  with  the  one- 
percent  alloy  and  fewer  than  in  the  determinations  with  pure  copper  catalyst. 
Considerable  difficulty  was  experienced  as  with  copper  in  securing  uniform  res- 
ults at  low  temperatures.  With  respect  to  its  durability  and  resistance  to  pois- 
ons this  catalyst  appeared  to  be  superior  to  pure  copper  catalyst  and  consider- 
ably inferior  to  the  copper  promoted  with  one  percent  palladium. 

Graph: 

As  already  mentioned  a  graph  was  constructed  plotting  the  values  of  the 
carbon  monoxide-hydrogen  ratios  obtained  at  various  temperatures  as  ordinates 
against  the  corresponding  temperatures  as  abscissae.  The  interpretation  of  the 
curves  and  the  results  which  they  depict  will  be  taken  up  in  the  following  sect- 
ion. 

Discussion  of  Results. 
The  points  of  peculiar  interest  brought  out  in  this  investigation  may 
be  enumerated  as  follows: 

(1)  The  effect  of  small  amounts  of  palladium  in  increasing  the  ratio  of 
carbon  monoxide  to  hydrogen  burned  over  the  copper  catalyst.  Were  the  effect  of 
the  palladium  additive  it  would  be  expected  to  decrease  this  ratio  since  as  a 
hydride-forming  catalyst  it  should  promote  the  oxidation  of  hydrogen. 

(2)  Tiie  occurence  of  well-defined  maximal  points  in  the  ratio-temperature 
curves  of  the  promoted  catalysts.  The  ratio  of  CO  to  hydrogen  burned  in  each 
case  falls  off  sharply  at  temperatures  slightly  higher  and  lower  than  the  temper- 
ature represented  by  this  maximal  point.  The  curve  for  the  pure  copper  catalyst 
on  the  contrary  exhibits  no  maximal  and  crosses  the  other  curves  at  a  temperature 

of  approximately  1o5°.  Thus  at  a  temperature  of  160°  a  greater  selective  activ- 
ation of  CO  is  obtained  with  pure  copper  than  with  promoted  catalyst. 
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(5)  The  apparent  anomaly  presented  by  the  fact  that  copper  promoted  by 
one-tenth  percent  palladium  gave  higher  ratios  for  carbon  monoxide  to  hydrogen 
burned  than  those  given  by  the  catalyst  promoted  by  one  percent  Pd,  which  it- 
self gave  higher  ratios  than  those  obtained  with  pure  copper. 

The  promotive, i.e.  non-additive,  effect  of  the  palladium  and  the  decrease 
of  this  effect  with  increasing  concentration  of  promoter  may  be  explained  on  the 
basis  of  a  theory  proposed  by  Bancroft  (Jour.Phys.  Chem.  20,  5?)  and  further 
developed  by  Rideal  (journ.  Amer.  Chem.  Soc.  42,  7A9).  Bancroft  proposed  the  hyp- 
othesis that  the  protective  action  displayed  by  certain  colloids  in  stabilizing 
certain  other  hydrosols,  e.g.  colloidal  platinum,  was  due  to  the  peptizing  action 
of  the  protective  colloid.  Rideal  seeking  to  expand  this  theory  with  the  view  to 
throwing  some  light  on  the  nature  of  promoter  action  in  catalysis,  investigated 
the  mutual  effect  of  platinum  and  palladium  when  reduced  together  and  employed 
as  hydrogens tion  catalysts.  He  found  that  the  admixture  of  a  small  quantity  of 
either  constituent  greatly  increased  the  activity  as  well  as  the  stability  of 
the  other  consituent  when  used  alone.  A  mixed  sol  containing  the  constituents 
in  the  proportion  of  Pt  9.8  mg.  and  Pd  .2  mg.  was  found  to  be  fully  as  active 
as  pure  palladium.  "This  suggests  the  hypothesis  that  promoters  may  in  part  func- 
tion as  peptizing  agents  for  colloidal  catalysts  or  for  catalysts  which  pass 
through  a  colloidal  stage  at  some  stage  in  their  preparation." 

In  the  light  of  this  theory  the  role  of  the  palladium  promoter  in  the 
P/Jre%@R&  investigation  becomes  clear.  At  the  time  of  the  simultaneous  precipitat- 
ion of  the  basic  salts  of  copper  and  palladium  from  the  solution  of  their  nit- 
ates,  it  may  be  easily  conceived  that  the  palladium  salt  in  the  sol  condition 
acts  as  an  active  peptizing  agent  for  the  copper  sol,  thereby  increasing  its 
state  of  division  and  subsequent  catalytic  activity.  The  palladium  in  this  case, 
unlike  that  in  the  Pd-pt  combination  investigated  by  Rideal,  has  a  specific  cat- 
alytic action  opposite  to  that  of  the  catalyst  which  it  promotes.  As  its  conc- 
entration in  the  copper  catalyst  increases,  therefore,  its  effect  is  to  progres- 


cively  decrease  the  ratio  of  carbon  monoxide  to  hydrogen  burned  by  increasing 
the  rate  of  oxidation  of  hydrogen.  The  cause  of  the  increase  in  the  total  fract- 
ional conversion  obaerved  also  becomes  clear.  It  would  appear  then  that  the  max- 
imum promotive  effect  of  palladium  on  copper  would  be  obtained  by  determining 
the  concentration  of  palladium  for  which  the  peptization  effect  would  be  as  com- 
plete as  possible  while  the  specific  catalytic  action  of  the  palladium  approach- 
ed as  near  a  minimum  as  possible,  that  is  by  balancing  the  effects. 

The  occurence  of  the  maximal  points  in  the  curves  for  the  promoted  cat- 
alysts may  be  explained  by  the  fact  that  as  the  temperature  decreases  beyond  a 
certain  minimum  the  selective  activation  of  carbon  monoxide  by  copper  suddenly 
falls  off  while  palladium  continues  to  have  a  powerful  activating  influence  on 
hydrogen. 

In  conclusion  some  of  the  possibilities  for  further  work  in  the  direct- 
ion of  this  investigation  may  be  pointed  out.  It  would  be  desirable  for  example 
to  secure  data  similar  to  that  obtained  for  the  three  catalysts  tested  in  the 
course  of  this  research, for  copper  promoted  by  palladium  in  concentrations  inter 
mediate  between  ,\%  and  1.0?'  and  in  concentrations  above  and  below  this  range. 
The  determination  of  the  concentration  at  which  the  curves  for  pure  copper  and 
promoted  catalyst  coincide,  that  is,  the  concentration  at  which  the  peptizing 
and  specific  catalytic  effects  of  the  palladium  are  equal,  should  be  of  interest 
The  curve  for  pure  palladium  should  be  determined  for  reference  purposes.  Final- 
ly the  investigation  of  other  combinations  of  catalyst  and  promoter  in  connect- 
ion with  the  same  or  other  reactions  would  inevitably  be  of  great  value  in  cor- 
roborating or  modifying  this  theory  and  formulating  a  generalized  theory  for 
the  nature  of  promoter  action. 
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